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The design and measured results of a broad-band direct quadrature phase shift keying (QPSK) modulator and demodulator are 
described in this paper. The circuits are fabricated using 1-m GaAs HBT technology. To suppress the local oscillator (LO) leak-
age, the double-balanced mixer is selected as the core unit in the modulator/demodulator. An embedded four-way quadrature di-
vider which includes a Lange coupler and two Baluns is utilized in the system to generate quadrature-phase LO signals. As results 
of a back-to-back test, the system can operate at data rates in excess of 2 Gb/s (1 Gb/s per I and Q channels) at 30 GHz. The sup-
plies of the modulator and demodulator are 5.0 V and 4.5 V with size of 1.35 mm3.5 mm and 1.36 mm3.4 mm, respectively. 
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The growing data communication speed, bandwidth limita-
tion and congestions at lower frequencies have resulted in 
the move toward high frequency system. Wireless systems 
at Ka-band frequencies have various applications such as in 
point-to-point, point-to-multipoint, and very small aperture 
terminal (VSAT) systems. One of the most promising wire-
less communications service is the Local Multipoint Com-
munication Service (LMCS). Additionally, there is a great 
demand on the Ka-band phased-array radar for military and 
commercial applications, which includes communications, 
navigation, weather forecast and so on. To meet the market 
demands, many researchers have developed highly mono-
lithic microwave integrated circuits (MMICs) design and 
compact chip size for the high speed system applications 
[1,2]. 
Direct conversion architecture (DCA) greatly reduces 
front-end hardware complexity, lower cost and no image 
frequency comparing to heterodyne technique [3–5]. There-
fore, passive reflection-type demodulator and modulator 
have been reported in various process [6–8] for millimeter- 
wave (MMW) direct conversion systems, even gigabit data 
rate. However, the local oscillator (LO) leakage and image 
suppression in these transceivers need be carefully consid-
ered. Because the LO signal and RF signal are connected in 
the same device. In addition, the baseband signals of the 
refection-type modulators need be calibrated, which will 
limit its applications. 
The Ka-band has several features that render it ideal for 
high-data-rate radio links. The wide bandwidth available 
permits high speed transmission by utilizing a simple mod-
ulation scheme such as quadrature phase-shift keying (QPSK). 
Most importantly, antennas with high gain and directivity 
are easily realizable in this frequency range with apertures 
less than 2.3 ft [9]. However, in the compact chip die the 
passive components need be carefully considered to ensure 
broad-band phase and amplitude balance of the IQ signals. 
This paper presents a broad-band modulator and demodu-
lator using 1-m GaAs HBT technology for direct conversion 
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transceiver system. The proposed modulation scheme is 
direct QPSK. The double-balanced type mixers are selected 
to suppress the LO leakage and improve the linearity. To 
minimize the phase and amplitude imbalance of the differ-
ential signals of the LO and RF ports, a coplanar waveguide 
(CPW) to coplanar-stripe (CPS) compact coupled 180° bal-
un is adopted to achieve a broad-band performance [10]. In 
addition, an MMW 90° Lange coupler [11] and power com-
biner has been implemented in the HBT process to provide 
equal amplitude and quadrature-phases signals for the mod-
ulator and demodulator. The architecture can reduce the 
cost and power consumption due to these passive compo-
nents. Finally, the experimental results show the HBT mod-
ulator and demodulator MMICs feature good direct conver-
sion quality up to the gigabit data rate. 
1  Circuit design 
In order to simplify the transceiver architecture and to re-
duce the overall system power dissipation, a simple modu-
lation scheme such as direct QPSK was selected in this 
work. The block diagram of the direct conversion trans-
ceiver system is illustrated in Figure 1. The baseband sig-
nals (I and Q signals) are modulated by the up conversion 
mixer with the LO carrier, and combined to the output sig-
nal RFout. Then, the RFout as the input of the demodulator is 
translated into four quadrature signals (I, I+, Q, Q+) by 
the demodulator. 
The modulator and demodulator are fabricated in 1-m 
GaAs HBT technology. This process provides metal-insulator- 
metal (MIM) capacitors with SiN as dielectric and two met-
al layers for inter-connection. The HBT technology pro-
vides an ft of 58 GHz and fmax of 60 GHz at maximum beta 
bias. The circuits are simulated with Agilent’s Advanced 
Design System (ADS). The passive components including 
the baluns, Lange coupler, capacitors and connection-lines 
are simulated by a full-wave electromagnetic (EM) simulator 
(momentum) [12]. Finally, the passive components co-sim-      
ulate with the active device modeling in the schematic 
workplace for the performance of the MMICs. 
1.1  Passive quadrature divider 
The passive components include baluns, Lange coupler and 
Wilkinson power combiner/splitter. One Lange coupler and 
two baluns compose the phase-shifting network, which 
plays an important role in the generation of equal amplitude 
and quadrature-phase LO signals for the mixer. The combi-
nation network including two baluns and one Wilkinson 
power combiner combines four signals into one signal. 
Baluns are key components in balanced circuit topologies 
such as double-balanced mixers, push-pull amplifiers and 
phase shifters. As the frequency of the circuits operation is 
extended to microwave band, transformer hybrids and LC  
 
Figure 1  Block diagram of direct conversion modulator and demodulator. 
type balun can no longer be fabricated, and the microstrip 
Marchand-type balun is utilized. In this design, multi-layer 
compact coupled structures will be adopted for broad-band 
performance [10]. The unbalanced input is fed through a 50 
Ω CPW line and the balanced output is taken through a 
balanced CPS output lines. It is constructed with two strip 
lines using metal 1 and metal 2. To obtain the appropriate 
coupling, the metal 2 is narrower than metal 1. The line 
width of metal 1 is 50 m and metal 2 is 3 m. 
The other important passive components are 90° Lange 
coupler and power combiner/splitter, which are designed 
automation by the EDA tools (ADS software). The 90° 
Lange coupler, 180° balun and the line connection are cal-
culated using the full-wave EM simulator (ADS momentum) 
[11]. 
1.2  Broad-band direct conversion QPSK modulator 
The Gilbert cell can be used as binary phase-shift keying 
(BPSK) modulator, which has two phase states (0° and 180°) 
with the same amplitude. The QPSK modulators can be 
extended by two BPSK modulators, driven in quadrature by 
the LO signal. By combining the two BPSK modulators in 
voltage at Wilkinson power combiner, a QPSK modulator is 
formed. The QPSK modulator is illustrated in Figure 2. The 
LO signal is divided into four-way quadrature signals by the 
Lange coupler and baluns, which are mixed by the Gilbert 
cell. The mixed signals are combined into modulated signal 
by the baluns and Wilkinson power combiner/splitter. 
 
Figure 2  Block diagram of the HBT QPSK modulator. 
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The double-balanced Gilbert cell was chosen due to its 
high linearity and high carrier suppression, which is shown 
in Figure 3. The bias of the intermediate frequency (IF) data 
is supported by a current mirror. The constant current 
source is reduced and the differential RF input transistors 
serve dual role: one in establishing the DC operating current 
and the other as the RF switching portion of the mixer [10]. 
However, this will come at the expense of increasing the 
common-mode gain. Therefore, the emitter degenerating 
resistors (RE=25 ) are used in the RF stage to improve the 
linearity of the RF differential pair. In addition, it needs to 
design the accurate balun to minimize the imbalance of 
phase and amplitude for the LO and RF signals. 
The DC bias is fed to the differential LO signal pair 
through the balun and the LO quad transistors are biased at 
3 mA. The direct QPSK modulator consumes 37 mA from  
5 V power supply.  
1.3  Broad-band direct conversion QPSK demodulator 
The QPSK demodulator has the same block diagram and 
passive components with the modulator. The schematic of 
the direct down conversion Gilbert-cell is shown in Figure 4. 
An emitter-buffer for baseband active matching is integrat-
ed in the demodulator. The LO and RF signals are mixed to 
produce baseband signal in the Gilbert-cell, which is ampli-
fied by the output buffer. In addition, the emitter degenerat-
ing resistor (RE=14 ) is used in the RF stage to improve 
the linearity of the differential pair and stability of the mixer.  
The RF and LO signal are biased through baluns. The 
current sources of the output buffer are biased in a current 
mirror configuration. The demodulator consumes 70 mA 
current from 4.5 V power supply. 
2  Measurement results 
The phototgraphs of the QPSK modulator and demodulator 
are shown in Figures 5 and 6. Die size of the modulator  
and demodulator are 1.35 mm×3.5 mm and 1.36 mm×3.4 
mm, respectively. The supplies of the modulator and de-
modulator are 5.0 and 4.5 V, respectively. These chipsets 
are packaged on the evaluation boards for measurements, 
which includes baseband balun and power supply bias.  
2.1  The QPSK modulator characteristics 
The measured equipments of the QPSK modulator consist 
of baseband IQ source (Agilent E8267D), arbitrary wave-
form generator (Agilent 81134A), LO source (Agilent 
N5183), spectrum analyzer (Agilent E4440A) and vector 
signal analyzer (Agilent 93204A oscilloscope). The setup of 
the measurement system is shown in Figure 7. 
The modulator is evaluated by a QPSK modulation with 
data rate of 36 Ms/s at 25 GHz LO signal. The measured 
output spectrum of the modulator is illustrated in Figure 8, 
which demonstrated an adjacent channel power ratio (ACPR) 
of 37 dBc. 
For vector signal characterization, the analog 32 GHz 
bandwidth oscilloscope Agilent 93204A is used for the 
QPSK modulator measurement. Figure 9 illustrates the 
measured output spectrum for an LO signal at 25 GHz with  
 
Figure 3  Schematic of the Gilbert cell for the QPSK modulator.  
 
Figure 4  Schematic of double-balanced direct downconversion Gilbert-cell. 
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Figure 5  Die photography of the QPSK modulator with chip size of 1.35 mm 
×3.5 mm. 
 
Figure 6  Die phototgraphy of the QPSK demodulator with chip size of 
1.36 mm×3.4 mm. 
 
Figure 7  Block diagram of the MMW vector measurement system for the 
modulator. 
 
Figure 8  Measured output spectrum of the QPSK modulator at 25 GHz 
with 36 Ms/s QPSK modulation with ACPR 37 dBc. 
a QPSK data rate of 1 Gb/s pseudorandom bit stream 
(PRBS) per I and Q channels. The points in the QPSK con-
stellation can be spread out uniformly into a “square”. The 
measured error vector magnitude (EVM) of the QPSK  
 
Figure 9  Measured QPSK modulation results at 25 GHz, constellation 
diagram, output spectrum and performance summary. 
modulation is within 6%. The lobes of the QPSK spectrum 
are visible at this bit rates, which has good LO suppression. 
2.2  The QPSK demodulator characteristics 
The phase and amplitude imbalance for the QPSK demodu-
lator are important performance. Two signal sources (Ag-
ilent N5183 and Agilent E8267D) are used to measure thus 
imbalance. An oscilloscope is used to observe the I+, I, Q+ 
and Q time-domain waveforms. Figure 10 reproduces the 
waveforms at the four baseband outputs versus time corre-
sponding to an LO of 20 GHz. The slight amplitude and 
phase imbalance observed among the four outputs. 
2.3  The QPSK demodulator characteristics 
The modulator and demodulator are performed a back-to- 
back test. An attenuator is inserted between the modulator 
and demodulator. The measurements setup is shown in  
 
Figure 10  I+, I, Q+ and Q IF outputs versus time when fLO=20 GHz 
and fIF=10 MHz. 
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Figure 11. The data generator Agilent 81134A and the os-
cilloscope Agilent 93204A are used here to measure the bit 
stream. The LO signal of the system adopt one frequency 
source at 30 GHz. Figure 12 shows the eye diagram at the I 
and Q outputs of the receiver at 2 Gb/s (1 Gb/s per channel) 
bit rate with PRBS sequences. The eye diagram of the I and 
Q have no phase calibration at 1 Gb/s bit rate due to no var-
iable phase shifter between the LO signal and demodulator. 
To be observed, the clear eye opening is achieved for the 
satisfactory recovery of the baseband signals. 
Table 1 is the performance summary of previously re-
ported modulators and demodulators in various technologies 
and topologies. Compared to reported modulators and de-
modulators, our presented chips demonstrates small chip 
sizes using GaAs HBT process and high data-rate up to 2 
Gb/s. 
3  Conclusion 
The 20 GHz to 30 GHz QPSK modulator and demodulator 
using 1-m GaAs HBT technology for wireless gigabit ap-
plications has been presented in this paper. The chipsets are 
suitable for broad-band digital QPSK modulations due to 
their wide bandwidth, low EVM degradation and good 
ACPR performance. Therefore, the modulator and demodu-
lator can be used in the high speed communications at Ka 
band. It is shown that in back-to-back configuration, the 
modulator and demodulator can operate in excess of 2 Gb/s 
at 30 GHz. Therefore, these chipsets provide a low-cost 
solution and broad-band applications for high data-rate  
signals. 
 
Figure 11  The measurement system setup for the modulator and demod-
ulator test. 
 
Figure 12  Measured eye diagram at both the I and Q outputs corre-
sponding to 2 Gb/s QPSK data tansmission (1 Gb/s per I and Q channels). 
Table 1  Comparisons of modulators and demodulators in various technologies and topologies 
Technology 0.13-m  
CMOS [6] 
2-m GaAs  
HBT [13] 
2-m GaAs  
HBT [14] 
2-m GaAs  
HBT [15] 
1-m GaAs  












RF frequency 20–40 GHz 20–40 GHz 30–50 GHz 20–40 GHz 20–30 GHz 












Data rate > 1.0 Gb/s 1.0 Gb/s 2.0 Gb/s 2.0 Gb/s > 2.0 Gb/s 
Modulation scheme 64-QAM QPSK BPSK QPSK QPSK 
ACPR modulator 40 dBc 
@30 GHz 













Chip size 0.65 mm0.58 mm 3.0 mm4.0 mm 1 mm1 mm/ 
1 mm1 mm 
3.3 mm2.5 mm/ 
3.3 mm4.5 mm 
1.35 mm3.5 mm/ 
1.36 mm×3.4 mm 
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